In an effort to better define whether a al., 2003), relatively little attention has been given to single electrophysiologic abnormality is responsible for the influence of presynaptic proteins and presynaptic the RIM1␣ phenotype and to control for the possibility plasticity in cognitive function. We have therefore begun that any alteration of presynaptic function can cause a a systematic approach to better understand the role of behavioral deficit, we made use of the overlappresynaptic mechanisms in complex behavior.
ping electrophysiologic abnormalities in Rab3A Ϫ/Ϫ and RIM1␣ is an active zone protein involved in several Syt1R233Q ϩ/ϩ mice with those of RIM1␣ Ϫ/Ϫ mice. These aspects of presynaptic function (Castillo et al., 2002;  genetic manipulations allow us to reexamine the role Schoch et al., 2002 tral role of RIM1␣ as a presynaptic regulatory protein that modulates presynaptic mechanisms critical for normal associative learning and novelty responses.
Results

RIM1␣
Ϫ/Ϫ Mice Exhibit Impaired Fear Conditioning To assess the role of RIM1␣ in emotional learning and memory, RIM1␣
Ϫ/Ϫ mice were tested in a one-trial context-and cue-dependent fear conditioning paradigm. In this paradigm, mice learn to associate a novel context (experimental chamber) or cue (auditory tone, 90 dB, 2.8 kHz, 30 s) with a foot shock (0.5 mA, 2 s) after a single pairing. Cue-dependent fear conditioning is dependent on an intact amygdala, while context-dependent fear conditioning requires both hippocampus and amygdala (LeDoux, 2000; Maren, 2001 ). To reduce genetic and experimental variability, we used a coordinated breeding strategy to generate age-and sexmatched littermate pairs of uniform genetic background for all three mutant mouse lines. RIM1␣ Ϫ/Ϫ mice were significantly impaired in both context-and cue-dependent fear conditioning ( Figure  1A To test whether the learning deficit in the RIM1␣ Ϫ/Ϫ day) in a one-trial fear conditioning paradigm (n ϭ 23 preference was also observed using number of cross-RIM1␣ Ϫ/Ϫ mice also exhibit a significant increase in locoings of theoretical platform areas in each quadrant as motor activity using this apparatus (not shown). Locoa measure of spatial learning (not shown). During trainmotor habituation was measured in the same apparatus ing, the RIM1␣ Ϫ/Ϫ mice spent more time along the edges for all lines and there was again no difference between of the pool (not shown). This failure to replace such Syt1R233Q ϩ/ϩ mice and controls on that apparatus in an early thigmotaxic search strategy with other, more habituation or in absolute locomotor activity ( Figure 4C , advantageous, strategies occurred even after 5 days of locomotor habituation).
successful training in the visible platform version of the water maze. We interpret this as a decrease in learning RIM1␣ Ϫ/Ϫ Mice Are Impaired in Spatial Learning ability rather than a general inability to tolerate the water in the Morris Water Maze maze, since the RIM1␣ Ϫ/Ϫ mice performed the same as While RIM1␣ Ϫ/Ϫ mice are impaired in associative learncontrols in the final days of the visible platform version ing in the fear conditioning paradigm, this paradigm of the maze. This is not likely to be an anxiety-related uses freezing behavior as the primary measure of learneffect since two independent measures of anxiety-like ing, and differences in locomotor activity could affect behavior revealed no differences in the RIM1␣ Ϫ/Ϫ mice (see Figure 3A) . Both mutant and wild-type mice spent this measure. The observation that RIM1␣
Ϫ/Ϫ mice are 
Of the physiologic abnormalities apparent in RIM1␣
Ϫ/Ϫ tion, Rab3A Ϫ/Ϫ mice had slightly higher swim speeds than controls during the water maze training (not shown, mice, the absence of mfLTP in area CA3 of the hippocampus and the decreased P r in area CA1 of the hippop Ͻ 0.05). The Rab3A Ϫ/Ϫ mice also showed equal spatial preference for the target quadrant in the probe trial; the campus are obvious candidates for a role in the RIM1␣ Ϫ/Ϫ behavioral phenotype. The normal behavioral percentage of time spent in the target quadrant during the probe test would not be expected to be altered by phenotype in the Rab3A Ϫ/Ϫ and Syt1R233Q ϩ/ϩ mice, however, reveals that neither physiologic deficit alone differences in swim speed.
To confirm our lack of effect of decreased P r on concan recapitulate the RIM1␣ (Schoch et al., 2002) . It is known that Syt1R233Q ϩ/ϩ mice also have an approxiGenetic background does not account for the RIM1␣ Ϫ/Ϫ phenotype or for the differences between the mately 50% decrease in P r at excitatory synapses in hippocampal neuronal cultures. The RIM1␣ Ϫ/Ϫ behav-RIM1␣ Ϫ/Ϫ phenotype and that of Rab3A Ϫ/Ϫ and Syt1R233Q ϩ/ϩ mice. The mice used in all of these studies ioral deficits could be due to subtle differences in the balance between abnormalities at excitatory synapses are the littermate progeny of heterozygous crossings. The original SV129/Bl6 background has been backand inhibitory synapses. The absence of behavioral abnormalities in Syt1R233 ϩ/ϩ mice might be explained by crossed into a c57/Bl6 background at least four times prior to breeding for the present study. Wild-type and a more balanced decrease in P r across excitatory and inhibitory synapses. This would still indicate an unprecemutant mice are therefore directly comparable since they are littermate progeny of heterozygous matings dented ability of the brain's plasticity mechanisms to adjust to a new P r set point to allow relatively normal after backcrossing into an inbred strain. In any study of traditional knockout mice, one always cognitive function to proceed. It is now of particular interest to determine the role of synaptotagmin 1 and must consider the possibility of developmental effects of the knockout. While we cannot definitively rule out the Syt1R233Q ϩ/ϩ mutation at inhibitory synapses.
Altered Ϫ/Ϫ behavioral deficits. our observations, it will be of great interest to explore the role of RIM1␣ in synaptic function and plasticity in RIM1␣ Ϫ/Ϫ mice exhibit increased PPD at inhibitory synapses in area CA1 of the hippocampus. However, it the amygdala. Our in situ hybridization and Western blot data indicate that, consistent with our behavioral is unlikely that such decreased GABA-mediated inhibition is responsible for the RIM1␣ Ϫ/Ϫ learning deficits. findings, RIM1␣ is expressed in both the hippocampus and amygdala. However, also apparent from this analyFirst, compounds that reduce GABA A receptor activity tend to enhance memory processes, while those that sis is that RIM1␣ is expressed throughout the brain. This distribution is not surprising given the role of RIM1␣ as increase GABA A receptor activity tend to decrease learn-a critical active zone protein. What is surprising is that pal lesions lead to increased locomotor activity in response to novelty, amphetamines, and NMDA receptor global disruption of this protein causes relatively focused abnormalities in associative learning.
antagonists like MK-801 (Lipska and Weinberger, 2000). However, a decrease in P r would not appear to explain The RIM1␣ Ϫ/Ϫ deficit in fear conditioning is not as robust as the deficit in the Morris water maze. In fact, the entire locomotor phenotype of the RIM1␣ mutant mice, since Syt1R233Q ϩ/ϩ mice also have a decrease in the RIM1␣ Ϫ/Ϫ mice seemed to exhibit residual fear memory for both the context and the cue as evidenced by hippocampal P r but do not exhibit increased locomotor activity in the habituation test and have only transiently their reduced, but present, freezing to the context and tone. Clearly, the absence of RIM1␣ does not completely increased locomotor activity in the 2 hr test of locomotor activity. This is surprising, since one might expect a abolish fear conditioning but does reduce the strength of the association of the context/cue with the fear response global 50% decrease in P r to affect many behavioral modalities. Yet, Syt1R233Q ϩ/ϩ mice, like RIM1␣ Ϫ/Ϫ mice, (freezing). As with amygdala lesions, this deficit in fear conditioning in the RIM1␣ Ϫ/Ϫ mice could be overcome live a relatively normal life span, have normal weight, and display essentially normal behavior in the rotarod, by overtraining. It is likely that multiple brain pathways contribute to fear conditioning and that RIM1␣ is critical elevated plus maze, dark/light, and habituation tests. for some but not all of these pathways.
RIM1␣ is in a critical position at the presynaptic termiRole of mfLTP in Learning and Memory nal to regulate multiple forms of presynaptic plasticity.
Our negative behavioral data in Rab3A The dark/light apparatus consisted of MedAssociates mouse place littermate pairs resulting from heterozygous crossings were used preference boxes. One side was kept dark (room light entry limited), for all experiments. Mice were derived in a hybrid SV129/Bl6 backwhile the other side was lit by a light built into the top. Mice were ground and subjected to at least four backcrosses into c57/Bl6 prior placed in the dark side for 2 min, and then the automatic door to behavioral characterization. between the compartments opened and they were allowed to freely explore either the light or dark side for 10 min. Anxiety-like behavior is measured on the initial 10 min exposure based on the latency to Behavioral Overview enter the light side. Locomotor activity was also measured during Mice were age/sex-matched littermate pairs run through a battery the dark/light testing with photobeams and MedAssociates software of behaviors in 2 or 3 groups for each genotype. All mice ranged (MedPC). To measure locomotor habituation, mice were placed in from 3 to 6 months of age during the behavioral testing, and within the same apparatus 10 min/day for a total of 5 consecutive days each group mice were born within 2-4 weeks of each other. Less with locomotor activity measured each day. Student's t test was stressful behaviors were tested first, with more stressful procedures used to analyze anxiety-like behavior while two-way ANOVA was at the end. The order of tests was as follows: dark/light, elevated used to analyze locomotor habituation data. plus maze, accelerating rotarod, locomotor activity, fear conditioning, water maze, shock threshold. Mice were moved within the animal facility to the testing room and allowed to habituate to the Morris Water Maze A 1.2 m diameter, white, plastic, circular pool was filled to a depth new location for at least 1 hr prior to behavioral testing. The same behavioral apparati were used for each line of mice except that one of 33 cm with 22ЊC Ϯ 1ЊC water made opaque with gothic white, nontoxic, liquid tempra paint in a room with prominent extramaze line of mice was tested on a different apparatus in one of the two cues. Mice were placed in one of four starting locations facing the
